Abstract: We develop a technique for realizing lithium niobate on insulator (LNOI)
Introduction

36
Photonic integrated circuits (PICs) have shown promising potential for realizing complex 37 information processing systems employing both quantum and classical light sources [1, 2] . To 38 increase the computational efficiency and reconfigurability, the crucial requirements for the 39 PIC-based optical computers/calculators are low propagation loss, fast tunability, and efficient 40 optical interfacing. Currently, several materials have been utilized to construct large-scale PICs,
41
including silicon and some semiconductor materials [3] [4] [5] [6] , fused silica [7, 8] and bulk lithium which can allow for fabricating compact light circuits with strong confinement and tight bends.
44
In addition, the lithographic technology for high precision patterning of silicon and 45 semiconductors is mature. However, silicon-based PICs intrinsically suffer from a relatively 46 high propagation loss and a transmission window prohibitive for visible and shorter 47 wavelengths. PICs can be built on fused silica and bulk LN crystals by local modification of the 48 refractive index with either illumination of light or ion doping. Unfortunately, the refractive 49 index increases achieved using these approaches are usually on the orders of 10 -3 to 10 -2 ,
50
resulting in large footprints of the PICs as required for minimizing the bending loss. Most 51 importantly, the typical propagation losses of waveguides in the state-of-the-art PICs are 52 typically on the order of 10 -1 dB/cm or higher, which sets an ultimate limitation on the 53 performance of the PIC-based optical computers.
54
Recently, a revolutionary approach for building high performance PICs has been 55 emerging enabled by the successful demonstration of high quality lithium niobate on insulator
56
(LNOI) nanophotonic structures. The first experimental proof of this approach is provided by 57 first patterning the LNOI into the designated geometries using a femtosecond laser. a result of the ion dry etching. So far, the propagation loss in the LNOI waveguides has reached 67 0.04 dB/cm which opens the avenue toward large-scale PIC applications [29] .
68
It is noteworthy that the ion etching step which is necessary for achieving the high quality 69 sidewalls on the LNOI nanophotonic structures inherently leaves a low but non-negligible
70
surface roughness which is difficult to be completely removed [29] . Moreover, the use of FIB 
88
In our experiment, the LNOI waveguides were produced on a commercially available X- 
90
The LN thin film with a thickness of 400 nm is bonded to a 2 μm thick SiO2 layer grown on a
91
LN substrate. The fabrication process includes four steps, as schematically illustrated in Figure   92 1. First, a thin layer of chromium (Cr) with a thickness of 600 nm was deposited on the surface 
116
The CM polishing process was conducted using a wafer polishing machine (NUIPOL802,
117
Kejing, Inc.). In the CM polishing process, we used a piece of velvet polishing cloth, and the polishing slurry (MasterMet, 60 nm amorphous colloidal silica suspension) was provided by 
133
To characterize the propagation loss in the LNOI waveguide, we constructed a whispering 134 gallery ring resonator by which the propagation loss of the LNOI waveguide can be determined 135 using α = 2πneff / (Qλ), where α is the attenuation coefficient, neff the effective refractive index,
136
Q the quality factor of the ring resonator, and λ the wavelength of the light beam. Both the neff 137 and the Q-factor can be determined from the transmission spectrum of microring resonator.
138
The experimental setup for measuring the Q factor of the ring resonator is schematically shown 
174
The optical loss characterization was performed using whispering-gallery-resonator-loss 
201
However, the sidewall roughness on the Cr mask will only be transferred to the underneath
202
LNOI near the top surface, thus it can be completely suppressed with an additional polishing 203 process for thinning the LNOI substrate after the removal of the Cr mask (see, Figure 1d ).
204
It should be mentioned that the propagation loss obtained by measuring the Q factor of 205 the ring resonator may have been underestimated for the straight segments in the LNOI
206
waveguides as presented in Figure 3d -f due to a higher radiative loss in the ring resonator.
207
Ultimately, the propagation loss in the LNOI waveguides is limited by the absorption in 208 crystalline LN which is well known to be on the order of ~10 -3 dB/cm. Our measured loss is still 209 one order of magnitude away from the theoretical limit, which could be attribute to several 
214
Thus, to realize LNOI waveguides with propagation losses on the order of 10 -3 dB/cm, a lot of 215 refinements should be systematically investigated in the future.
216
The fabrication resolution of femtosecond laser direct writing is typically on the order of 
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